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Crop growth simulation models are a useful tool to assess the impact of environment, crop management,
genetics and breeding strategies, as well as climate change and variability on growth and yield. Any
crop science experiment that measures key physiological processes, tests these productive processes,
their interaction with other processes, environment, and intra- and inter-specific variation, is valuable
to inform and refine crop simulation models. This paper focuses on crop science experiments in three
key areas—crop development, seed or fruit-set at high temperature, and water use—illustrating some of
the experiments used to understand key processes and, equally importantly, quantify these processes for
crop models in a robust and repeatable manner. One particularly useful experimental method for deter-
mining stages of development responsive to photoperiod and temperature (the main drivers of ontogenic
development), and sensitive to abiotic stresses such as temperature extremes and water deficit, is trans-
fer experiments between different environments or treatments. Once sensitive stages are defined, then
responses and genotypic differences can be accurately quantified. Understanding and modeling tran-
spiration, and particularly genotypic differences in processes affecting transpiration is also key process
for crop modeling. Experiments to determine genotypic differences in soil water availability thresholds
that control when transpiration is reduced, relations between transpiration and vapor pressure deficit
(VPD), and patterns of soil water uptake are also described along with new insights from this work. One

of the biggest constraints to improving models with crop science experiments—and exploiting advances
in genomics—is the limited capacity to phenotype traits and physiological mechanisms. Most crop sci-
ence experiments have quantified responses in only a limited number of genotypes and the diversity of
genotypic responses is not well represented. Today there is an increased demand for good quality phe-
notyping which can serve both genomics and modeling, and there is an urgent need to re-invest in crop
physiology for high quality phenotyping.
. Introduction

Crop models (e.g. DSSAT, Jones et al., 2003; APSIM, Keating
t al., 2003; Oryza, Matthews et al., 1995; GLAM, Challinor
t al., 2004; INFOCROP, Agrawal et al., 2006), mainly mecha-
istic or process-based (as opposed to statistical or empirical)
ave frequently been used to analyze and assess the value of
hysiological traits (Sinclair et al., 2005, 2010), to understand
enotype × environment × management (G × E × M) interactions
Messina et al., 2009), and more recently to examine impacts of
limate change on yield (Nelson et al., 2010). Indeed, the need

o accurately model effects of climate change on crop yields has
timulated renewed interest in crop modeling, more especially
nderstanding, quantifying and modeling genetic variation in key

∗ Corresponding author. Tel.: +91 40 3071 3691; fax: +1 91 40 3071 3074.
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traits or processes across scales. For example, many climate change
impact studies have suggested that temperature will be a major
constraint (Lobell and Field, 2007), stimulating greater interest in
understanding and quantifying responses to extreme temperatures
(Jagadish et al., 2007, 2008, 2010). Furthermore, the quantum leap
in our technical ability to identify QTLs or genes has also led to more
interest in modeling gene × trait × phenotype interactions (Cooper
et al., 2005), though this is very much limited by our capacity to
understand and phenotype key processes. Likewise, the capacity of
models to simulate ‘management’, especially management prac-
tices associated with soil nutrients and to some extent rainwater
harvesting and conservation practices, is very limited.

Crop models are generally designed around four key com-
ponents: plant development, carbon capture, water capture and

nitrogen and phosphorus capture. Plant development or phenology
determines the timing and duration of key developmental events,
notably flowering (anthesis), and as such provides the framework
within which processes of carbon, water and nutrient capture and

dx.doi.org/10.1016/j.agrformet.2011.09.003
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
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Fig. 1. Reciprocal transfer experiment to determine duration of temperature and
photoperiod-sensitive phases in soybean cv Biloxi was transferred from long to short
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here that most crop models are parameterized for photoperiod-
�) and short to long (�) days.

edrawn from Collinson et al. (1993).

se occur. Matching crop development to the available soil mois-
ure supply, as well as avoiding other environmental constraints
uch as cool or hot temperatures (Flower, 1996), is a key determi-
ant of adaptation today and will continue to be important in future
limates. Indeed, a number of climate impact modeling studies
ave shown that the impact of climate change, positive or nega-
ive, is strongly related to whether crop duration is shortened or
engthened (Challinor and Wheeler, 2008a; Tao and Zhang, 2010).

Essentially, all plant processes that interact and take part in
lant productive processes can be modeled and therefore, any crop
cience experiment that tests these productive processes, their
nteraction with other processes, their interaction with the envi-
onment, their intra- and inter-specific variation, is potentially
seful to refine crop simulation models (Sinclair and Seligman,
000). This paper focuses on a three key areas—crop development,
eed or fruit-set at high temperature, and water use—illustrating
ome of the key concepts that drive research in these areas, and
he types of crop science experiments used to understand key pro-
esses and, equally importantly, quantify these processes for crop
odels in a robust and repeatable manner. Examples of the uses

f these types of information in crop models are also given where
vailable.

. Crop development

Phenology is a key trait for modeling as it determines the
ramework or timing of developmental events (emergence, floral
nitiation, flowering or anthesis, and physiological maturity) con-
ributing to biomass accumulation and partitioning in any given
nvironment. Most crop models (e.g. DSSAT, APSIM, INFOCROP)
arameterize phenology by defining stages of development linked
o the key developmental stages outlined above (i.e. vegetative,
uvenile or basic vegetative phase; inductive or photoperiod-
ensitive phase; post-inductive and/or seed-filling phase) sensitive
o temperature (T) and/or photoperiod (P) (Table 1). The vegetative
nd post-inductive phases are basically determined by temperature
hrough the number of leaves to be expanded and hence have sim-
lar thermal sums or accumulated cd. The photoperiod-sensitive
hase is also a constant thermal sum when P is less than a critical

alue (≤11.5 h in the case of rice, a short-day species), but when P
s greater than a critical value the duration of this phase is greatly
engthened, more so at warmer than cooler temperatures, or even
est Meteorology 170 (2013) 8–18 9

lengthened indefinitely for strongly P sensitive germplasm (Folliard
et al., 2004).

2.1. Using field experiments to parameterize models

Phenology parameterization is generally determined experi-
mentally by using multiple sowing dates and modeling using least
squares or maximum likelihood routines to optimize the best-
fit parameters within predetermined ranges (Dingkuhn, 1995;
Carberry et al., 2001). The advantage of this field-based approach
(though it can be done in pots) is that large numbers of geno-
types can be grown (Dingkuhn, 1995; Dingkuhn and Asch, 1999)
and other parameters observed for model calibration or validation.
The disadvantage is that models are optimizing several parameters
at once (i.e. response to temperature and photoperiod, vegetative
phase duration) plus there is some correlation between T and P
(and possibly other weather parameters such as relative humid-
ity [RH]/vapor pressure deficit [VPD]), and T and P effects cannot
easily be examined independently of each other. The latter effect
assumes much greater importance when genotypes are to be sim-
ulated outside their natural range of P and T, especially at higher
temperatures or in non-inductive photoperiods (i.e. long days for
short-day plants (Clerget et al., 2004; Carberry et al., 2001).

2.2. Controlled environment experiments to determine phase
durations

The alternate approach is to use controlled environments, where
T and P can be controlled independently of each other. Phase
durations are typically determined using reciprocal transfer exper-
iments (Ellis et al., 1992) wherein plants are transferred at regular
intervals between long and short photoperiods, ideally at two
temperatures in the sub-optimal range (Fig. 1). Such experiments
determine precisely the duration of temperature and photoperiod-
sensitive phases (Collinson et al., 1992, 1993; Alagarswamy et al.,
1998). To date genetic variation in these phases has been deter-
mined in relatively few crop species, the best known example being
rice where the vegetative phase can vary from 10 to 80 d (Vergara
and Chang, 1976; Dingkuhn, 1995). In sorghum and soybean dura-
tions range from 4 to 18 d and 11 to 35 d, respectively (Alagarswamy
et al., 1998; Ellis et al., 1992; Collinson et al., 1992, 1993; Sinclair
and Hinson, 1992). Given that several recent impact studies have
suggested that a key strategy to counter warmer temperatures
shortening crop duration—and hence lowering yields—is a longer
vegetative phase (Challinor and Wheeler, 2008a; Tao and Zhang,
2010), determining the full range of genetic variation in this trait is
important.

2.3. Controlled environment experiments to quantify responses to
temperature and photoperiod

The effects of T and P on rates of development are typically
quantified by growing plants in factorial combinations of T and
P. A key advantage of a factorial design is that it allows, on the
one hand, for the response to temperature to be quantified under
inductive conditions (i.e. where photoperiod does not affect or con-
found the rate of development) and, on the other hand, the affect
of photoperiod to be quantified at near optimal temperature con-
ditions (where temperature does not confound the photoperiod
response). A simple three or four temperature by two photope-
riod factorial will be sufficient to parameterize genotypes at sub-
to optimal temperatures (Erskine et al., 1990). It is worth noting
insensitive or relatively photoperiod-insensitive genotypes (which
predominate in high input agriculture) rather than for landraces
or traditional farmer’s cultivars which are often acutely sensitive
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Table 1
Durations of the pre-inductive or vegetative (VEG), inductive or photoperiod-sensitive (PSP) and post-inductive (PIP) phases in rice cultivar Peta at two temperatures and
photoperiods. VEG and PIP not determined at 11.5 h.

Mean temperature (◦C) Photoperiod Duration in days (cd [Tb = 10 ◦C] in parenthesis)

VEG PSP PIP Total

23.8 13.5 39 (533) 83 (1145) 22.8 (315) 144 (1984)
11.5 – 19 (264) – 81 (1102)

28.7 13.5 30 (540) 113 (2143) 20.7 (387) 163 (3047)
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odified from Collinson et al. (1992).

o photoperiod. For example, values up to 2100 cd h−1 for culti-
ars from Mali (Vaksmann et al., 1998; Folliard et al., 2004) or
igeria (Craufurd and Qi, 2001) have been recorded. In sorghum

or example, until recently photoperiod-sensitivity coefficients
n DSSAT spanned an equivalent thermal accumulation range of
etween 12 and 400 cd h−1 when P is greater than the critical
alue (Alagarswamy and Ritchie, 1991) with a maximum value of
99 cd h−1; however, a recent release now allows for much higher
alues for photoperiod sensitivity. As impact models become more
egional in focus, and focus more on adaptation and breeding
trategies, then representing ‘local’ cultivars in models will become
ore important.
Another significant difficulty comes in modeling crop devel-

pment at supra-optimal temperatures (T > T0, where T0 is the
ptimal temperature), which as mentioned earlier is critical for
limate change impact studies (Challinor and Wheeler, 2008a,b;
ao and Zhang, 2010). Optimum temperatures in maize for exam-
le vary between ecotypes from 17 to 20 ◦C in highland tropical
ypes to 30 to 34 ◦C in lowland tropical types, with temperate
ypes in between (Jiang et al., 1999). Ecotypes of rice, indicas and
aponicas, also have warmer and cooler optimum temperatures,
espectively. Among cultivars within species there may also be vari-
tion in the optimum temperature, and even a small difference
28.7 cf 30.2 ◦C) can make a significant difference to the impact
Tao and Zhang, 2010). The optimum temperature response will
e a major determinant of whether a genotype develops faster as
emperatures warm or whether development slows, with signifi-
ant consequences for yield (Challinor and Wheeler, 2008a; Tao and
hang, 2010). Existing crop models such as GLAM, DSSAT and QNUT
iffer in their parameterization and response to supra-optimal tem-
eratures and hence potential impacts on yields (Challinor et al.,
007; Challinor and Wheeler, 2008b). Furthermore, there is uncer-
ainty over whether P and T interact at supra-optimal temperatures
Craufurd and Wheeler, 2009), though this may only be impor-
ant in highly photoperiod-sensitive genotypes. It should be noted
ere that the effect of high temperature on fruit-set in cowpea
Craufurd et al., 1998) is affected by photoperiod also (Ahmed et al.,
993).

.4. Modeling ‘alleles’ and flowering pathway genes

In relation to modeling such an important trait as the timing
f flowering, it is worth mentioning that there has been progress
n modeling flowering time genes rather than observable and
ssentially whole plant morphological stages. Unsurprisingly, as
owering time is such a key and easily observable trait, there has
een considerable progress in identifying flowering pathway genes
Jung and Muller, 2009) and in describing and modeling some of the

etworks that define these responses in Arabidopsis (Welch et al.,
004). Some existing crop models also incorporate effects of flow-
ring time alleles within existing whole crop model frameworks
White and Hoogenboom, 2003).
14 (252) – 63 (1179)

2.5. Genetic variation in phase durations and responses to
temperature and photoperiod

There is considerable genetic variation in photoperiod-
sensitivity in most species (maize: Bonhomme et al., 1994;
sorghum, Craufurd et al., 1999; soybean, Roberts et al., 1996; rice,
Dingkuhn, 1995), and genetic variation for temperature responses
and the length of the vegetative phase associated with ecotypes
in some species (rice, Vergara and Chang, 1976; Dingkuhn, 1995;
sorghum, Craufurd et al., 1999, soybean, Sinclair and Hinson, 1992).
As mentioned previously, the full range of variation available in
these key parameters is rarely used in crop models to explore
potential adaptation to future climates, though Challinor et al.
(2009) provide an exemplar on how to do this.

3. Effect of temperature on seed-set/fruit

Impacts of water stress (drought) or high or low temperature
stress on crop growth and yield depend on the severity of stress,
duration of stress and the plant developmental stage at which stress
occurs. For crop models to predict the impacts of abiotic stresses,
both water and temperature stress, it is important to determine
the most sensitive stages of crop development to stress. In general
for both water and temperature stress the most sensitive stages
of development occur between floral or panicle development and
the end of flowering (i.e. including fertilization) in both cereals
and legumes (O’Toole, 1982; Claassen and Shaw, 1970). The stages
of development most sensitive to high (and low) temperature are
associated with the processes of microsporogenesis, anther dehis-
cence and fertilization in legumes (peanut, Fig. 2a, Prasad et al.,
2001, 1999) and cereals (sorghum, Fig. 2b; Prasad et al., 2008a;
rice, Fig. 2c; Yoshida et al., 1981).

3.1. Determining the stages of development sensitive to high
temperature

The approach used in determination of sensitive stages to heat
stress (Prasad et al., 1999, 2008a) is transfer experiments. In this
approach plants are grown under controlled conditions in opti-
mum and high temperature conditions until target stages of crop
development are reached (e.g. 15 d before flowering in rice). There-
after, at periodic intervals plants grown in optimum conditions are
exposed to stressed environments for specified duration, before
being returned to optimum conditions (and vice-a-versa).

For example, using this approach it was identified that in peanut
fruit-set was most sensitive to high temperature stress during the
day at 4 d prior to anthesis and on the day of anthesis (Fig. 2a:
Prasad et al., 2001). Similarly, in rice (Fig. 2c: Yoshida et al., 1981),
and sorghum (Prasad et al., 2008a) plants are sensitive to high tem-

perature about 9 days before anthesis and at anthesis (Fig. 2), with
the latter stage, as in peanut, being more sensitive to high day
temperature. These two stages in both peanut and the cereals coin-
cide with microsporogenesis and anther dehiscence/fertilization,
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Fig. 2. Sensitivity to high temperature at fl
edrawn from Prasad et al. (2000, 2008a), and Yoshida et al. (1981).

espectively. In contrast, high night temperatures seem to affect
icrosporogenesis more than anthesis (Ogunlela and Eastin, 1984;
ohammed and Tarpley, 2009). Sensitivity to high temperature

n terms of seed or fruit-set does not extend much beyond fertil-
zation; indeed rice spikelets are not affected by high temperature
bout 1 h after anthesis (Jagadish et al., 2007). These types of exper-
ments can also be carried out in the field by covering with suitable

aterials to cool or warm plots/plants (Nielsen and Hall, 1985),
r even by multiple sowing dates accompanied by careful record-
ng of flowering dates and environmental conditions at flowering
Dingkuhn, 1995; Nagarajan et al., 2010).

Transfer experiments in controlled environments can be further
efined to study the timing of high temperature during the diur-
al cycle where it is suspected that key events such as fertilization
ccur during the early morning or even in the night prior to dawn
Mutters and Hall, 1992). In peanut, for example, it is the tempera-
ure during the first 6 h of the day that determines fruit-set (Prasad
t al., 2000).

.2. Quantifying responses of seed-set to high temperature

Once the stages most sensitive to temperature are identified, it is
mportant to know how fruit or seed-set responds to the intensity
nd duration of stress when applied at these stages of develop-
ent. Again, controlled environments (Prasad et al., 2000, 2008a,b;
heeler et al., 1996; Yoshida et al., 1981) or field experiments
ith multiple sowings and careful analysis (Dingkuhn, 1995) can be
sed to quantify responses to temperature. The example of peanut
Fig. 3a, Prasad et al., 2000) is a very typical response of seed or

ruit-set to temperature, exhibiting a critical threshold (typically
bout 33–35 ◦C) in many tropical crops such as sorghum, rice and
4–27 ◦C in temperate crops such as wheat (Wheeler et al., 1996)
nd a negative linear response to increasing temperature above
ing in (a) peanut (b) sorghum and (c) rice.

this to a maximum value. Other traits such as pollen number, pollen
germination and pollen tube growth can be modeled the same way.
Several crop models incorporate these responses (Oryza, Matthews
et al., 1995; AQUACROP, Steduto et al., 2009; GLAM; Challinor et al.,
2005).

Transfer experiments can also be used to determine the duration
and intensity of stress by exposing transferred plants to vary-
ing durations and intensities (Prasad et al., 1999; Jagadish et al.,
2007). These experiments have generally suggested that for fruit
or seed-set there is no interaction between duration and intensity
of temperature and hence the combined response can be modeled
by a cumulative temperature function (Fig. 3b). Thus in rice the
greater the exposure to temperatures >33 ◦C during flowering, the
lower the seed-set.

3.3. The importance of timing

Another important factor alluded to above determining the
appropriate temperature to use for modeling high temperature
events is the timing of anthesis and fertilization. From transfer
experiments in peanut it was determined that it was temperature
in the first 6 h of daylight (in a 12 h photoperiod) rather than the
average day temperature or temperature during the second 6 h that
determined fruit-set (Prasad et al., 1999). This is associated with the
timing of fertilization, which probably occurs early in the morning
in peanut. Challinor et al. (2005) used the temperature during the
first 6 h of the day in their evaluation of tolerance to high temper-
ature in peanut in India under climate change scenarios. Similarly,
in rice there is variation in the timing of peak flowering among

genotypes, which maybe from early morning through till midday
(Fig. 4; Jagadish et al., 2008; Prasad et al., 2006a,b). So while max-
imum temperature maybe the appropriate ‘signal’ temperature to
use for some cultivars or species, in others early or mid-morning
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Fig. 3. Effect of temperature on seed (fruit)-set in peanut (a) and relation between spikel ◦

in rice (b).

Redrawn from Prasad et al. (2000) and Jagadish et al. (2007).

Table 2
Genetic variation in spikelet fertility (seed-set) of rice exposed to either 2 or 6 h of
high temperature at anthesis.

Genotype Tissue temperature (◦C)

29.6 36.2

2 h 6 h 2 h 6 h

N22 94.7 95.6 85.7 63.7
Bala 87.5 89.8 65.1 40.6
Co 39 89.5 86.1 64.5 40.5
Azucena 62.5 66.1 7.9 2.9
CG14 86.1 89.6 43.7 19.1
IR64 87.7 93.2 67.1 18.7
Moroberekan 81.7 83.3 4.0 6.4
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WAB 56-104 65.8 94.6 31.9 19.2

odified from Jagadish et al. (2008).

emperature maybe more appropriate. A number of models use
lgorithms that calculate 3 hourly mean temperature from daily
aximum and minimum temperature and so it would not be too

ifficult to use an appropriate morning or early morning tempera-
ure at anthesis.

.4. Genetic variation in seed-set at high temperature

From the studies cited above genetic variation in seed or fruit-

et has been determined in a number of crop species, including
ice (Table 2; Yoshida et al., 1981; Prasad et al., 2006a,b; Jagadish
t al., 2008), cowpea (Hall, 1993), peanut (Craufurd et al., 2003).

ig. 4. Flowering time and air temperature relative to dawn in African rice (CG14)
nd Asian rice (Bala). Authors unpublished data.
et fertility (seed-set) and cumulative temperature >33 C over 5 d flowering period

The genetic variation in peanut and rice has been used in modeling
studies (Matthews et al., 1995; Challinor et al., 2005). Genetic varia-
tion in the response to temperature of traits contributing to seed or
fruit-set, namely pollen germination and pollen tube-growth, has
also been documented in several species (see Salem et al., 2007 for
soybean and refs therein).

4. Effects of diurnal temperature

Understanding impacts of climate change and climate variabil-
ity needs improved understanding of impacts of increased mean
temperatures, especially minimum or night temperature (Peng
et al., 2004, Nagarajan et al., 2010; Welch et al., 2010) as well as
impacts of short term extreme temperatures (Wheeler et al., 2000).
Crop science experiments are also critical to determine the opti-
mum and ceiling temperatures for yield formation and response
between optimum and ceiling temperatures. Such information
serves as critical input to crop models. Season long temperature
responses of yield formation in various crop species under ambi-
ent and above ambient CO2 were identified for important cereals
(rice, Baker et al., 1996, wheat, Wheeler et al., 1996; and sorghum,
Prasad et al., 2006a,b) and legumes (dry bean, Prasad et al., 2002;
groundnut, Prasad et al., 2003; soybean, Baker et al., 1989) using
controlled experiments.

Critical temperatures for vegetative and reproductive yield for-
mation for a few important crops are given in Table 3. These
data indicate: significant variation in optimum temperatures for
development and yield (or growth), and between vegetative and
reproductive yield; and (ii) large differences between crop species,
most especially between temperate and tropical species.

5. Effects of temperature and CO2 on seed-set—the
importance of tissue temperature

In future climates temperature changes will be accompanied by
elevated CO2. Thus, it is important to understand the interaction
effects of temperature and CO2, especially as most impact studies
suggest higher temperatures will offset any CO2 fertilization gains
in C3 crops (e.g. Long and Ort, 2010; Lobell and Field, 2007; Nelson
et al., 2010). Some reports in the literature suggest that elevated
CO2 causes greater sensitivity of spikelet fertility to heat stress, and
temperature-induced decreases in pollination, seed set, pod yield,
seed yield, and seed HI were the same or even greater at elevated

than at ambient CO2 levels in kidney bean and sorghum (Prasad
et al., 2002, 2006a,b) and in rice (Nakagawa et al., 2003). The ceiling
temperatures for fruit-set were about 2 ◦C lower in rice, bean and
sorghum (Prasad et al., 2002, 2006a,b; Matsui et al., 1997).
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Table 3
Optimum temperature for reproductive development, optimum temperature range for vegetative and reproductive yield, and the ceiling temperature (all in ◦C) at which
seed or fruit yield falls to zero in a range of crop species.

Crop Optimum temperature
for reproductive
development

Optimum temperature
range for vegetative
yield

Optimum temperature
range for fruit or seed
yield

Ceiling
temperature
for yield

Wheat 26 20–30 15 34
Soybean 26 25–37 22–24 39
Cotton 28–30 34 25–26 35
Temperate sorghum hybrid 31 26–34 25 35
Groundnut 29–33 31–35 20–26 39
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odified from Hatfield et al. (2008).

However, the impact of high temperature on seed or fruit-set
s better related to tissue temperature than ambient air tem-
erature. Several field studies have shown a good relationship
etween canopy temperature and sterility (Cohen et al., 2005;
’Toole, 1982). Under ambient CO2 conditions, tissue temperature
an be up to 4 ◦C lower than air temperature (Prasad et al., 1999;
agadish et al., 2007) and this is why some studies quantify seed set
gainst tissue temperature. At higher CO2, stomatal conductance
s deceased leading to lower transpirational cooling and increased
anopy temperature (Matsui et al., 1997, 2001). Thus in studies
f high temperature by CO2 effects on seed-set, the commonly
bserved interaction or greater reduction in seed-set at high CO2,
ay in fact be associated with higher tissue temperature at high

O2 (Fig. 5). Therefore what matters for modeling is to accurately
alculate tissue or canopy temperature.

. Transpiration

Plant growth depends on the availability of water in the soil
rofile and transpiration or plant water use is a key parameter in
ll crop models. Most models simulate the extraction of available
ater (generally defined as water between the upper and lower
rained limits) via a demand function and partitioning between
ranspiration and soil evaporation. Many models also use the con-
ept of Fraction of Transpirable Soil Water (FTSW) as a modifier
f other key processes such as leaf expansion or radiation use
fficiency. The FTSW threshold for decline in transpiration is deter-
ined by exposing plants to controlled and progressive soil water

epletion under conditions of no/minor evaporation from soil sur-

ace (Fig. 6). The daily transpiration of these plants is normalized
y dividing each individual transpiration value by the mean of the
ranspiration of the well watered control. Then the FTSW values

ig. 5. Effect of temperature on seed-set in sorghum at two levels of [CO2]. The
ifference in tissue temperature between ambient and high [CO2] is also shown.

edrawn from Prasad et al. (2006a).
23–26 35–36

representing the portion of remaining volumetric soil water avail-
able for transpiration on each day of the experiment are plotted
against the normalized daily transpiration rate (NTR) values of the
water stressed plants. A plateau regression procedure on the NTR
response curve as a function of FTSW provides estimate of FTSW
thresholds (where NTR starts declining) for each given genotype
(Ray and Sinclair, 1998).

In a situation where water is limited, for example by stop-
ping irrigation, it is well established that plant response to the
imposition of a water stress will go through three different stages
(Sinclair and Ludlow, 1986; Fig. 6): Stage I where there is suffi-
cient moisture in the soil profile to sustain transpiration-demand
by the leaves and therefore during that stage, the transpiration
of plants exposed to water deficit is equivalent to the transpi-
ration of plants maintained under fully irrigated conditions; (ii)
Stage II, where the roots can no longer supply all transpiration
demand by the leaves; under such conditions, to avoid loss of
turgidity and/or cavitation in the xylem vessels, the stomata par-
tially close to match transpiration with water supply; (iii) Stage
III where the plants have extracted all water available in the soil
profile and where, as a consequence, stomata are fully closed;
that stage corresponds to the beginning of a survival stage, since
there is no longer any photosynthetic activity, and it is estimated
that this stage is reached when the transpiration of water deficit
plants falls below 10% of those maintained under fully irrigated
conditions.

Using this framework, it is particularly critical to understand
when plants shift from Stage I to Stage II. Indeed, for a productivity
point of view, Stage II marks the beginning of a reduced produc-
tion of biomass compared to a fully irrigated plant. Conversely,
from a water saving point of view, the beginning of Stage II would
also mean the beginning of water-saving measures by plants. So,
depending on the drought scenario or pattern, a knowledge of this
threshold is important; under a long drought spell an early pas-
sage into Stage II might help; in contrast, under short, intermittent
drought spells remaining in Stage I would maximize production.

There exists genotypic variation in the level or soil moisture
threshold where the transpiration of plant starts declining (when
plant go from Stage I to Stage II; see Fig. 6) in soybean (Vadez
and Sinclair, 2001); pearl millet (Kholova et al., 2010a), peanut
(Bhatnagar-Mathur et al., 2007; Devi et al., 2009), and chickpea
(Zaman-Allah et al., 2011a). The range of these thresholds varies
among species and the developmental stage at which the assess-
ment is done. For example in chickpea and pearl millet the FTSW
threshold at full vegetative stage varies from 0.56 to 0.25 and from
0.50 to 0.30, respectively (Zaman-Allah et al., 2011a; Kholova et al.,
2010a). Differences in TE might also be closely related to how plants
respond to soil drying. High TE genotypes are likely to maintain

gas exchange until the soil is dryer (low FTSW threshold) than
low TE genotypes (Devi et al., 2010). However, under conditions
of terminal stress, the high TE genotypes may suffer from rapid soil
moisture depletion with a subsequent negative impact on yield.
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ig. 6. (a) Basic response of plant exposed to water deficit and (b) relationship betw
FTSW) of in two chickpea genotypes contrasting for terminal drought tolerance (se
rown under outdoors conditions.

or example, it was recently found that the transpiration of sev-
ral independently determined terminal drought tolerant lines of
hickpea exposed to water deficit declined at higher level of soil
oisture than the transpiration of terminal drought sensitive lines

Zaman-Allah et al., 2011a).
The importance of these results lays in the fact that tolerant

ines have early signals of a forthcoming stress. An earlier decline
n transpiration then contributes to water saving, which may be
vailable for the grain filling period, and this is relevant in a terminal
ater stress situation (an unrelieved water stress that takes place

rom approximately flowering onwards). This type of information
as been used in crop simulation modeling to predict the effect
n yield across several locations where chickpea is grown (Soltani
t al., 2000), and has shown a benefit to yield in maize and sorghum
Sinclair and Muchow, 2001).

.1. Response of plant transpiration to environmental conditions

Besides radiation, an important driver of plant transpiration
s the evaporative demand of the atmosphere. It is particularly
mportant in a context of plants exposed to water deficits. The
vaporative demand, which is proxied by the vapor pressure deficit
VPD), depends in part on the air temperature and relative humidity
RH). When the VPD is high, i.e. if RH is low and/or the air tempera-
ure is high, the transpiration is driven up. Crop simulation models

n their calculation of transpiration usually consider transpiration
o be a linear response to VPD. However, recent experimental
ork shows that the response of different crops and genotypes

ary (Fig. 7). For instance, it was shown recently that the slope of

ig. 7. Transpiration response to a gradual increase in the vapor pressure deficit in
wo groundnut genotypes. Authors unpublished data.
he normalized transpiration ratio (NTR) and the fraction of transpirable soil water
e line, black symbols and solid lines; tolerant line, open symbols and dashed lines)

the transpiration response to VPD varies in chickpea (Zaman-Allah
et al., 2011a). Also there is now accumulating evidence that the pat-
tern by which transpiration increases at high VPD (beyond 2 kPa)
differs between genotypes, e.g. in soybean (Sinclair et al., 2008),
sorghum (Gholipoor et al., 2010), peanut (Devi et al., 2010), pearl
millet (Kholova et al., 2010b). In these crops, certain genotypes do
not follow a linear increase in transpiration in response to the VPD.
Indeed, above a genotype-specific VPD threshold or transpiration
breakpoint (VPD value where the slope of transpiration response to
VPD changes), there is a reduction in the rate of transpiration due
to partial stomata closure. As a consequence, carbon fixation also
declines in genotypes having a transpiration breakpoint. However,
these genotypes save water for later. In contrast, genotypes that
do not show any break point maintain carbon fixation, albeit at a
high water cost as water use efficiency is inversely related to the
VPD (Bierhuisen and Slatyer, 1965).

The transpiration response to VPD is therefore an important trait
since it represents a potential water saving mechanism. This trait
has been used in crop simulation modeling and these simulations
suggest that limiting transpiration to 4 mm d−1 would increase
yield under water limited conditions in sorghum in Australia
(Sinclair et al., 2005). Similarly, the VPD response trait outlined
above was simulated in soybean and showed significant yield
advantage across most of the US soybean growing areas (Sinclair et
al., 2010).

7. Pattern of water extraction

Another critical component of crop simulation modeling, espe-
cially in the context of water limitation, is the rate of root growth.
While there is a lot of knowledge and refinement on the mecha-
nistics of plant productive processes related to the aboveground
part, there is relatively little work on the use of modeling for the
belowground part. There has been some work to assess the water
extraction parameters in relation to quantity and density of roots in
different crops (Dardanelli et al., 1997, 2004). However, there is still
a lot of discrepancy in the relationship between root growth char-
acteristics and the capacity of plants to extract water. Some reports
have shown that root length density and water uptake are related
(Passioura, 1983; Monteith, 1986; Lafolie et al., 1991). In contrast,
other studies report poor relations between water uptake and root
length density across cereals and legumes (Hamblin and Tennant,

1987; Dardanelli et al., 1997; Katayama et al., 2000; Amato and
Ritchie, 2002). In consequence, one current limitation of crop sim-
ulation modeling is their dependence on a root growth parameter
to determine the amount of available soil water.
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Fig. 8. Variation of water uptake profile in two chickpea genotypes contrasting for the drought stress index (DTI) under terminal drought stress (sensitive line, closed symbols
and solid lines; tolerant line, open symbols and dashed lines) and grown under (a) well watered and (b) water stress conditions. Water stress imposition was initiated by
giving a last irrigation at 23 DAS. The water extraction values are those for the period finishing at the date when data are plotted. For instance, water extracted at 28 DAS
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orresponds to that in the period between 23 and 28 DAS.

edrawn from Zaman-Allah et al. (2011b).

On-going work at ICRISAT is acquiring better knowledge on the
ole of roots in the context of a water limitation, where the focus is
ot on acquiring knowledge on the root morphology but on obtain-

ng data on the pattern of water use from a soil profile in plants
hat are grown in a field-like situation (Fig. 8). For this, a lysimetric
ystem is used (Vadez et al., 2008; Ratnakumar et al., 2009) with
lants growing in long and large PVC tubes (1.2 or 2.0 m depending
n crops), which provide each plant with a soil profile equivalent to
he one available in a real field situation. This system has been used
o assess the relation between rooting density and water extraction
n groundnut and has shown both a lack of relationship, or a highly
ignificant relationship (Vadez et al., 2007). It has been shown also
hat in chickpea exposed to terminal stress, differences in rooting
o not lead to differences in seed yield. Rather, the pattern of water
se from the soil profile explained the differences in seed yield,
ith terminal drought tolerant entries extracting less water than

ensitive entries during the vegetative stage, and extracting more
ater than the sensitive entries during the pod filling stage. Simi-

ar results, i.e. the importance of water extraction at critical stages
f crop development, have been found in groundnut (Ratnakumar
t al., 2009) and in pearl millet.

Experiments using this system could be very useful to improve
rop simulation models with regard to their water relation feedback
oops. For instance, the knowledge of the moisture threshold where
ranspiration declines (seen above) and of the pattern of water use
rom lysimetric profile would allow one to rigorously measure the
eal rate of growth of the root water extraction front, which could
hen be fed to tune the water extraction loop in crop simulation

odels. In addition, equipping the lysimeters with time-domain
eflectometry access tubes would also allow to compare a pattern
f water extraction with a profile of water extraction and would
hen allow to refine crop models with regards to the soil extraction
epth.

. Discussion

One of the major, if not the major, constraint to improving
odels with crop science experiments is the limited capacity to

henotype traits and mechanisms. Most crop science experiments
ave quantified responses in only a limited number of genotypes,

nd in many cases these genotypes are ‘standard’ improved cul-
ivars chosen for their popularity rather than a diversity of traits.
s we have suggested in this article, for many important traits the
xtent of genetic variation has either not been adequately described
and/or not been incorporated into models. The limitation in phe-
notyping is perhaps best seen in the light of advances in molecular
genetics, which has hugely increased our ability to identify genes
(see for example the large scale high throughput phenomics facil-
ity in Adelaide http://www.plantaccelerator.org.au) and ultimately
the mechanisms responsible. One area where genomics (and other
‘omics’) have greatly increased our understanding of gene networks
controlling an important trait is for flowering time, particularly
the photoperiod and vernalisation pathways, though less progress
has been made on temperature pathways controlling flowering.
Although there has been progress in modeling flowering-time gene
networks in Arabidopsis (Welch et al., 2004), ironically flowering-
time or phenology has been one trait that farmers and plant
breeders have been able to successfully manipulate over millen-
nia, though fine-tuning this trait for specific environments may
well be useful. Nonetheless, the exponential increase in genomic
platforms, along with the demand for climate change impact mod-
els, has highlighted the need to re-invest in crop physiology and
phenotyping.

There is evidence that responses of plants to environmental
change under controlled conditions often differ from those found
under natural field conditions. However, controlled environment
experiments have been extremely useful for quantifying responses,
especially to temperature and photoperiod, and will continue to
be so for large-scale phenotyping of valuable or limited stock of
genetic material. For high and low temperature tolerance phe-
notyping protocols described in the papers quoted in this article
are robust and applicable across a wide range of species and can
use growth cabinets or temperature gradient tunnels. However,
for traits related to drought and CO2, where responses are the
integrated effect of many processes through time, semi-controlled
experiments are required for phenotyping. For water-use they
include those such as the mini-lysimiters described by Vadez et al.
(2008) while for CO2 and temperature they include FACE and T-
FACE systems (Kimball et al., 2008). Field experiments will also
continue to be important if well designed around environmental
gradients and with rigorous analysis based on previously quanti-
fied responses from controlled environments. For phenology (and
model calibration), the analysis of existing multi-location trials data
can also contribute valuable genotypic information.
As the capacity to downscale climate forecasts increases, and the
mismatch between modeling scales decreases, there is an increas-
ing need for models that purport to study impacts and adaptation
options to use appropriate local cultivars in models rather than a

http://www.plantaccelerator.org.au/
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eneric and usually improved cultivar. This is particularly true for
rops such as sorghum, millet, upland rice and tropical legumes
here diverse, usually photoperiod-sensitive cultivars are grown.

Two areas we need more crop science experiments on are the
mpact of high night temperatures and on water by tempera-
ure interactions, especially during flowering. Global increases in
verage temperature are associated with increases in minimum
emperature and a number of studies have highlighted the neg-
tive effect of high minimum or night temperature on grain yield
n rice (Peng et al., 2004; Nagarajan et al., 2010; Welch et al., 2010)
nd wheat (Prasad et al., 2008b). Despite the importance of high
ighttime temperature in future climate, and its impact on growth
nd yield formation, the responses of respiration to temperature
ave not been thoroughly investigated. It is important to accurately
efine these thresholds and provide input to crop simulation mod-
ls. Similarly, heat and drought stress often occur together, with
ater deficit through stomata closure exacerbating heat stress.
lthough both water deficit and temperature extremes affect seed-
et, mechanisms are not necessarily the same and there are reports
f interactive rather than additive effects (Shah and Paulsen, 2003;
rasad et al., 2011; Rang et al., 2011).

Another key area that we have not covered here, and one that
s essential for climate change impacts and adaptation strategies,
s crop science experiments for crop management options. Adapta-
ion strategies need to be focused as much on crop management
ractices, particularly practices around water harvesting, water
onservation and soil improvement, as on genetic enhancement of
emperature and drought tolerance (Cooper et al., 2009; Hammer
t al., 2006). For example, Cooper et al. (2009) have examined
ffects of small applications of fertilizer (micro-dosing), mulching,
ime of weeding and sowing date on yields in relation to expected
hanges in climate in East Africa. Ex ante modeling studies of adap-
ation options such as these will be increasingly important.

In conclusion, crop science experiments in both controlled
nd field environments are extremely useful for quantifying
esponses to photoperiod and temperature (development); quan-
ifying responses to abiotic stresses such as temperature extremes
nd water deficit; identifying stages of development sensitive to
nvironment and abiotic stress; and determining genotypic vari-
bility for these responses. The data generated from crop science
xperiments like those described above can be used for devel-
ping and improving crop simulation models to determine the
mpact of climate, management and genetics, and crop adaptation
nd mitigation strategies to changing climates. More research and
nvestment is needed to develop fast and accurate phenotyping
long with genetic data to help crop improvement for present and
uture climates.
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